Synthesis of Thiostannates, Oxo-Thiostannates and Tin-Sulfides Applying Transition Metal Complexes Containing Macrocyclic Amine Molecules: Development of new synthetic routes to synthesize Sn-S and S-Sn-O compounds and investigation of their properties by Benkada, Assma
 
 
Synthesis of Thiostannates, Oxo-
Thiostannates and Tin-Sulfides Applying 
Transition Metal Complexes Containing 
Macrocyclic Amine Molecules 
 Development of new synthetic routes to synthesize Sn-S and 
S-Sn-O compounds and investigation of their properties   
 
Dissertation submitted to the 
Faculty of Mathematics and Natural Sciences of the Christian-
Albrechts-University of Kiel, Germany 
for the degree of 
Doctor rer. nat. 
by 
 Assma Benkada 
Kiel 2020 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Referent:                                                      Prof. Dr. Wolfgang Bensch                                   
Koreferent:                                                   Prof. Dr. Norbert Stock                               
Tag der mündlichen Prüfung:                       20.10.2020 
Zum Druck genehmigt:                                 Kiel, 20.10.2020 
Prof. Dr. Frank Kempken, Dekan der Mathematisch-Naturwissenschaftlichen Fakultät 
 
 
The present dissertation was supervised by 
Prof. Dr. Wolfgang Bensch  
from November 2016 to July 2020  
at the Institute of Inorganic Chemistry  
at the Christian-Albrechts- Albrechts-University of Kiel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
The aims of the present work were the synthesis and characterization of new 
thiostannates, oxo-thiostannates and tin-sulfide compounds. The salt Na4SnS414H2O 
was used as precursor, which was reacted with transition metal complexes containing 
macrocyclic amine ligands. The advantage of macrocyclic amine ligands is on the one 
hand they form very stable complexes and on the other hand they provide one or two 
free coordination sites so that a bond formation between thiostannate anion and 
transition metal cation is possible, if the transition metal cation prefers an octahedral 
environment.  
The formation of Na4SnS4·14H2O was investigated demonstrating that 
Na4SnS4·14H2O could be prepared through a new simple procedure reacting 
Na2S9H2O with SnCl45H2O in H2O at room temperature. For the precipitation of the 
product dried acetone was added to the aqueous solution. Furthermore, the stability of 
Na4SnS4·14H2O was investigated indicating that Na4SnS4·14H2O transforms slowly to 
the new compound Na4Sn2S6·5H2O in the solid state. The formation of Na4Sn2S6·5H2O 
probably requires a protonation of the terminal S2- anions and condensation of the 
protonated species under release of H2S. In addition, the stability of Na4SnS4·14H2O 
in H2O was investigated by 119Sn-NMR spectroscopy demonstrating that the [Sn2S6]4- 
anions were formed very fast in aqueous solution.  
Na4SnS414H2O was reacted with the complexes [Ni(cyclen)](ClO4)2 and 
[Ni(cyclen)(H2O)2](ClO4)2H2O under hydrothermal conditions leading to the generation 
of new oxo-thiostannate compounds: {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O 
and [Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O (cyclen = 1,4,7,10-tetraazacyclo-
dodecane). The crystal structure of {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O is 
constructed by the rare cluster [Sn6S12O2(OH)6]10- and six Ni2+ centered complexes 
which are covalently bonded to the cluster via Ni–S und Ni–OH bonds. In 
[Ni(cyclen)(H2O)2]4[Sn10S20O4] ~13H2O only isolated cations and anions are observed. 
Both compounds display good photocatalytic activity for H2 generation. Investigations 
of the thermal properties of both compounds indicate that the water molecules of 
[Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O can be reversibly removed and incorporated 
without structural collapse. However, the crystal water of 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O cannot be reversibly removed and 
 
 
treatment with small amounts of water was required leading to the generation of the 
pristine material and an unidentified phase.  
Using the [Cu(cyclam](ClO4)2 complex (cyclam = 1,4,8,11-tetraazacyclotetradecane) 
the new layered compound {[Cu(cyclam)]2[Sn2S6]}n2nH2O could be obtained, which is 
the first thiostannate compound containing Cu(II) cations. 
{[Cu(cyclam)]2[Sn2S6]}n2nH2O was synthesized at room temperature using H2O as 
solvent. In the crystal structure distorted CuN4S2 octahedra are observed. The 
distortion of the octahedra was confirmed by EPR spectroscopy. The sample can be 
dehydrated and rehydrated without changing the crystallinity of the material.   
Similar to the synthesis of {[Cu(cyclam)]2[Sn2S6]}n2nH2O, syntheses were performed 
using the complexes [Ni(L1)](ClO4)2 and [Ni(L2)](ClO4)2 (L1 = 1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane and L2 = 1,8-diethyl-1,3,6,8,10,13-
hexaazacyclotetradecane) at room temperature leading to crystallization of new 
compounds: [Ni(L1)][Ni(L1)Sn2S6]n∙2H2O and [Ni(L2)]2[Sn2S6]∙4H2O. Since the 
complexes [Ni(L1)](ClO4)2 and [Ni(L2)](ClO4)2 are poorly soluble in water but exhibit a 
good solubility in organic solvents like acetonitrile or dimethylsulfoxide, syntheses were 
carried out by overlaying an aqueous solution of Na4SnS4∙14H2O with the 
[Ni(L1)](ClO4)2 complex dissolved in acetonitrile or by overlaying a solution of the 
[Ni(L2)](ClO4)2 complex dissolved in dimethylsulfoxid with an aqueous solution of 
Na4SnS4∙14H2O.  
 
 
 
 
 
 
 
 
 
Kurzzusammenfassung  
Die Ziele der vorliegenden Arbeit waren die Synthese und Charakterisierung neuer 
Thiostannate, Oxo-Thiostannate und Zinn-Sulfid-Verbindungen. Als Precursor wurde 
das Salz Na4SnS414H2O verwendet, welcher mit Übergangsmetallkomplexen zur 
Reaktion gebracht wurde. Die Komplexe beinhalteten ausschließlich makrozyklische 
Amin-Liganden, da diese einerseits sehr stabile Komplexe bilden und andererseits 
eine oder zwei freie Koordinationsstellen zur Verfügung stellen, so dass die Bildung 
einer kovalenten Bindung zwischen dem Thiostannat-Anion und dem 
Übergangsmetallkation möglich ist, falls das Übergangsmetallkation eine oktaedrische 
Umgebung bevorzugt.  
Die Untersuchungen der Bildung von Na4SnS4·14H2O haben gezeigt, dass 
Na4SnS4·14H2O durch ein neues einfaches Verfahren synthetisiert werden kann. Bei 
diesem Verfahren wurde Na2S9H2O mit SnCl45H2O in H2O bei Raumtemperatur zur 
Reaktion gebracht und zur Fällung des Produktes wurde trockenes Aceton zugegeben. 
Des Weiteren wurde die Stabilität von Na4SnS4·14H2O untersucht. Na4SnS4·14H2O 
wandelt sich langsam im festen Zustand in die neue Verbindung Na4Sn2S6·5H2O um. 
Die Bildung von Na4Sn2S6·5H2O erfordert wahrscheinlich eine Protonierung der 
terminalen S2--Anionen und die Kondensation der protonierten Spezies unter 
Freisetzung von H2S. Darüber hinaus wurde die Stabilität von Na4SnS4·14H2O in H2O 
mit 119Sn-NMR Spektroskopie untersucht. Die Ergebnisse der Untersuchungen 
zeigten, dass sich [Sn2S6]4--Anionen sehr schnell in Lösung bilden.   
Bei der Reaktion von Na4SnS414H2O mit den Komplexen [Ni(cyclen)](ClO4)2 und 
[Ni(cyclen)(H2O)2](ClO4)2H2O unter hydrothermalen Bedingungen konnten zwei neue 
Oxo-Thiostannate hergestellt werden: {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O 
und [Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O (cyclen = 1,4,7,10-
Tetraazacyclododecan). Die Kristallstruktur der Verbindung 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O besteht aus dem bisher nicht 
beobachteten Cluster [Sn6S12O2(OH)6]10- und aus sechs Ni2+-zentrierten Komplexen, 
welche kovalent am Cluster via Ni–S- und Ni–OH-Bindungen gebunden sind. In der 
Struktur von [Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O hingegen werden isolierte 
Kationen und Anionen beobachtet. Beide Verbindungen zeigten gute 
photokatalytische Aktivität für die H2-Generierung. Untersuchungen der thermischen 
 
 
Eigenschaften belegten, dass das Kristallwasser der Verbindung 
[Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O ohne Kollaps der Kristallstruktur reversibel 
entfernt und wieder eingebaut werden kann. Das Kristallwasser der Verbindung 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O hingegen konnte nicht unter ambienten 
Bedingungen in die Struktur eingelagert werden, und erst nach der Behandlung der 
wasserfreien Probe mit wenig Wasser bildeten sich das Ausgangsmaterial und eine 
unbekannte Nebenphase.   
Bei der Verwendung von [Cu(cyclam](ClO4)2 (cyclam = 1,4,8,11-
tetraazacyclotetradecan) konnte die Schichtverbindung {[Cu(cyclam)]2[Sn2S6]}n2nH2O 
synthetisiert werden. Diese stellt das erste Thiostannat dar, welches Cu in der 
Oxidation Stufe +II aufweist. {[Cu(cyclam)]2[Sn2S6]}n2nH2O konnte bei 
Raumtemperatur und unter Verwendung von H2O als Lösungsmittel synthetisiert 
werden. In der Kristallstruktur liegen verzerrte CuN4S2-Oktaeder vor. Die Verzerrung 
der Oktaeder konnte mittels EPR-Spektroskopie bestätigt werden. Die 
Wassermoleküle, welche sich zwischen den Schichten befinden, können thermisch 
entfernt und anschließend wieder eingelagert werden. Dabei kommt es zu keiner 
Änderung der Kristallinität des Materiales.  
Analog zu der Synthese von {[Cu(cyclam)]2[Sn2S6]}n2nH2O wurden Synthesen bei 
Raumtemperatur durchgeführt, in denen die Komplexe [Ni(L1)](ClO4)2 und 
[Ni(L2)](ClO4)2 (L1 = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecan und L2 = 1,8-
diethyl-1,3,6,8,10,13-hexaazacyclotetradecan) verwendet wurden. Dabei konnten die 
neuen Verbindungen [Ni(L1)][Ni(L1)Sn2S6]n∙2H2O und [Ni(L2)]2[Sn2S6]∙4H2O erhalten 
werden. Da die Komplexe [Ni(L1)](ClO4)2 und [Ni(L2)](ClO4)2 eine schlechte Löslichkeit 
in Wasser aufweisen, aber in organischen Lösungsmitteln wie Acetonitril oder 
Dimethylsulfoxid sehr gut löslich sind, wurde eine wässrige Lösung von 
Na4SnS4∙14H2O mit einer Lösung von [Ni(L1)](ClO4)2, gelöst in Acetonitril, oder eine 
Lösung von [Ni(L2)](ClO4)2, gelöst in Dimethylsulfoxid, mit einer wässrigen Lösung von 
Na4SnS4∙14H2O überschichtet. Mit diesem synthetischen Vorgehen konnten die 
beiden Verbindungen erfolgreich hergestellt werden. 
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1. Introduction  
1.1 Motivation 
The preparation of chalcogenide-based open framework materials was motivated by 
their applications in gas adsorption, ion exchange, electrical conductivity and 
photocatalysis.[1] The first microporous sulfides with germanium and tin were reported 
by Bedard et al.[2] These compounds were obtained under hydrothermal conditions in 
the presence of amine molecules acting as template agents.[2] Under mild solvothermal 
conditions molecular building units remain intact und can be interconnected by corner- 
and/or edge-sharing to networks containing pores. The interest in the class of 
thiometalates is to combine the typical exchange and catalytic properties of zeolite-like 
materials and the optoelectronic features of chalcogenidometalates.[3] However, the 
low thermal stability (< 500 oC) of chalcogenide-based open framework materials limits 
their applications very often.[1] Nevertheless, there are many thiometalate compounds 
that show reasonably good properties in catalysis, ion exchange, ion conductivity and 
as absorber material. For example, Cu2Sn1-xSixS3 (0.4 ≤ x ≤ 0.6; band gaps of 1.25, 
1.35 and 1.45 eV) and [dienH2][Cu2Sn2S6] (dien = diethylenetriamine) display potential 
as absorber for photovoltaic devices,[4,5] the compound [H3O]4[Cu8Sn3S12] exhibits high 
proton conductivity,[6] [CH3NH3]2[Ag4Sn3S8] reveals photocatalytic activity for 
degradation of crystal violet under visible-light irradiation,[7] K6Sn[Zn4Sn4S17] displays 
exceptional ion exchange properties for Cs+ and NH4+ cations,[8] in 
[Me2NH2]1.33[Me3NH]0.67[Sn3S7]1.25H2O the protonated amine molecules can be 
exchanged by UO22+ ions[9] and the compound [DMA][H+-TMA]18[H2O]14[Sn40O16S73][10] 
(DMA = dimethylamine, TMA = trimethylamine) reveals photoluminescence emission. 
  
1.2 Thiostannates 
Thiostannates are compounds containing isolated cations and anions.[11] In the crystal 
structure of thiostannates, different building units like a tetrahedron (coordination = 4), 
a trigonal-bipyramid (coordination = 5) or an octahedron (coordination = 6) are 
observed. Examples for thiostannate compounds with the [SnS4]4- tetrahedron are 
Na4SnS4∙14H2O,[12] K4SnS4∙4H2O, Rb4SnS4∙4H2O, Ba2SnS4∙11H2O and 
Cs4SnS4∙3H2O.[13] Condensation of two [SnS4]4- tetrahedra via a common edge leads 
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to the generation of the dimeric [Sn2S6]4- anion. Additionally to the anions [SnS4]4- and 
[Sn2S6]4-, diverse anions generated by condensation were reported such as [Sn2S5]2-, 
[Sn2S7]6-, [Sn2S8]2-, [Sn3S7]2-, [Sn4S9]2-, [Sn5S12]4- or [Sn4S10]4-.[11,14–16] In the [Sn2S7]6- 
and [Sn4S10]4- anions, Sn atoms are tetrahedrally coordinated by S atoms while in the 
anions [Sn2S5]2- and [Sn3S7]2-, the Sn atoms exhibit a trigonal-bipyramidal 
environment. Mixed-coordination numbers of 4 and 6, 4 and 5, and 5 and 6 for Sn are 
observed in [Sn2S8]2-, [Sn4S9]2- and [Sn5S12]4-, respectively.[11,14–16] The condensation 
of small structural units to large aggregates depends mainly on the pH value and 
concentration ratios of the components.[11] In thiostannate and tin-sulfide compounds 
Sn occurs in three oxidation states: +II, +III and +IV. In the above-mentioned examples 
for thiostannate anions Sn exhibits only the oxidation state +IV. However, there are 
thiostannate and tin-sulfide compounds, in which Sn adopts the oxidation states +II/IV 
or +III/IV.[17–20] Such compounds are called mixed-valent. The variable coordination 
number as well as the variable oxidation state of Sn lead to a versatility of the crystal 
structures of thiostannates and tin-sulfide compounds, in which three types of cations 
compensating the negative charge of [SnxSy]n- anions can be distinguished: metal 
cations, protonated amine molecules or transition metal complexes.    
 
1.2.1 Metal cations 
Thiostannates containing metal cations for charge compensation are e.g. 
Na4SnS4∙14H2O,[12] K4SnS4∙4H2O, Rb4SnS4∙4H2O, Cs4SnS4∙3H2O, 
Ba2SnS411H2O,[13] K2Sn2S5,[14] Na4Sn2S6∙14H2O,[21] A2Sn2S8 (A = K and Rb),[14] 
Na4Sn3S8[22] and Cs4Sn5S12∙2H2O,[23] which include isolated anions such as [SnS4]4-, 
[Sn2S5]2-, [Sn2S6]4-, [Sn2S8]2-, [Sn3S8]4- and [Sn5S12]4-. In [Sn2S5]2- only SnS5 trigonal-
bipyramids are observed. These bipyramids are connected via two common edges 
consisting of one axial S and one equatorial S atom generating chains [SnS3]2-, which 
are cross-bound by the remaining equatorial S atoms of SnS5 forming an anionic 3D 
framework. In this anionic framework, 1D tunnels are observed, in which the K+ cations 
are found.[14] The [Sn2S6]4- units are generated by edge-sharing of two [SnS4]4- 
tetrahedra.[21] The structure of the [Sn2S8]2- anion consists of SnS4 tetrahedra and SnS6 
octahedra, which are linked via sulfide as well as polysulfide anions (S42-) forming a 
layered framework. The metal cations K+ and Rb+ are positioned between the layers.[14] 
Similarly, the [Sn5S12]4- anion exhibits a layered structure. However, the Sn atoms are 
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fourfold and sixfold coordinated. The Cs+ cations and H2O molecules are located 
between the layers.[23] In contrast, the [Sn3S8]4- units feature a 3D structure, in which 
Sn atoms have a tetrahedral as well as trigonal-bipyramidal environment.[22]  
The compounds AnBmSnxSy present a further class of thiostannates with charge 
compensating metal cations, in which one kind of metal cations is integrated in the 
anionic frameworks and the other type balances the negative charge. Examples are: 
A2CdSnS4 (A = Li and Na), Na6CdSn4S12,[24] Rb2Cu2SnS4, Rb2Cu2Sn2S6, K2Au2SnS4 
and K2Au2Sn2S6.[25] These compounds feature 1D, 2D and 3D structures. Most of these 
compounds are synthesized by high-temperature reaction or by molten flux synthesis. 
Under solvothermal conditions, amine molecules can be used as structure-directing 
reagents generating new thiostannate compounds with crystal structures, which are 
not available using high-temperature reaction or molten flux synthesis.   
          
1.2.2 Protonated amine molecules 
Compounds with protonated amine molecules as charge balancing cations enclose 
mostly layered anions. The most prominent examples are R-SnS-1 and R-SnS-3, 
where R represents the type of cations. In these materials, the layered anions [Sn3S7]2- 
and [Sn4S9]2-, respectively are observed (Figure 1).[26,27] Prominent examples include 
[DABCOH]2[Sn3S7] (DABCO = 1,8-diazabicyclooctane),[15,27] [ATEA]2[Sn3S7] (ATEA = 
ammonium-tetraethylammonium), [TEA]2[Sn3S7] (TEA = tetraethylammonium),[15] 
[TMA]2[Sn3S7] (TMA = tetramethylammonium),[28] [trenH]2[Sn3S7] (tren = tris(2-
aminoethyl)amine),[29] [1AEP]2[Sn3S7] (1AEP = 1-(2-aminoethyl)piperidine),[30] 
[TPA]2[Sn4S9] (TPA = tetrapropylammonium), [TBA]2[Sn4S9] (TBA = 
tetrabutylammonium).[15] The structure of the [Sn3S7]2- anion consists of the clusters 
{Sn3S4}, where Sn atoms are in trigonal-bipyramidal environment. The linkage of 
{Sn3S4} via (µ-S)2 leads to the generation of negatively charged layers, in which 
hexagonal rings with 24 atoms are observed. Similarly, the structure of the [Sn4S9]2- 
anion is composed of the clusters {Sn3S4}, which are interconnected by (µ-S)2 as well 
as by (µ-S2SnS2) units forming elliptically shaped 32-atom rings. In contrast to [Sn3S7]2- 
layers, the Sn atoms are in a tetrahedral as well as a trigonal-bipyramidal coordination. 
The negative charge of the layers is balanced by protonated amine cations located 
between the layers. In addition to both materials, there are also thiostannates with 
protonated amine molecules containing [Sn2S6]4-, e.g. [CHAH]4[Sn2S6] (CHA = 
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cyclohexylamine),[31] [enH]4[Sn2S6],[32] [enH]4[Sn2S6]en (en = ethylenediamine),[33] 
[C12H25NH3]4[Sn2S6]∙2H2O[34] and [trenH2]2[Sn2S6].[35] In the presence of transition 
metal cations, complexes were often obtained, which are in-situ formed and act as 
counterions.   
 
Figure 1: Crystal structures of the layered [Sn3S7]2- (top) and [Sn4S9]2- anions (bottom). Yellow: 
S atoms, grey: Sn atoms.  
 
1.2.3 Transition metal complexes 
Thiostannate compounds with transition metal complexes are listed in Table 1. As can 
be seen numerous compounds involve Ni2+ centered complexes as counterions. 
Moreover, only a few thiostannates contain Co2+, Mn2+ or Zn2+ centered complexes 
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and no thiostannates with Ag+/2+, Cu+/2+ or Fe2+ complexes are observed. According to 
Table 1, bi-, tri- and hexadentate amine molecules such as 2amp (2amp = 2-
(aminomethyl)pyridine), 1,2-dach (1,2-dach = 1,2-diaminocyclohexane), dap (dap = 
1,2-diaminopropane), dien, en, aepa (aepa = N-2-aminoethyl-1,3-propandiamine) or 
peha (peha = pentaethylenehexamine) prefer to form saturated complexes with the 
transition metal cations Co2+, Mn2+, Ni2+ and Zn2+. In contrast, tetra- and pentadentate 
amine molecules like cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane), tren, trien 
(trien = triethylenetetramine) or tepa (tepa = tetraethylenepentamine) favor to generate 
complexes with free coordination sites enabling the S2- anions of the anionic unit to 
coordinate to the metal cation forming tin-sulfide compounds (see below). In the case 
of thiostannates comprising Ni2+ cations, various amine ligands with different 
denticities are observed demonstrating that the affinity of Ni2+ cations for N atoms is 
higher than for S atoms.    
 
1.3 Tin-sulfides  
Tin-sulfide compounds with transition metal complexes include mainly the [Sn2S6]4- 
anion (Table 1). The transition metal cations and the thiostannate anions are covalently 
bonded by three connection modes: a) two trans terminal S2- anions of the thiostannate 
unit have bonds to two transition metal centers, b) one transition metal center is 
coordinated by N atoms of the amine molecule and by two S2- anions, or c) each metal 
center is coordinated by one S2- anion. Many tin-sulfide compounds contain Mn2+ 
centered complexes, in which mostly bidentate amine ligands are present, indicating 
that Mn2+ cations exhibit approximately the same affinity to S atoms and to N atoms. 
Tin-sulfide compounds with Ag+ complexes are not observed until now and only 
compounds with integrated Ag+ in the anionic framework were reported such as [1,4-
dabH2][Ag2SnS4] (1,4-dab = 1,4-diaminobutane),[36] [enH2][Ag2SnS4][37] and 
[NH4]2[Ag6Sn3S10].[38] Similarly, there are many tin-sulfide frameworks with integrated 
Cu+ in the anionic framework like in [enH][Cu2AgSnS4],[39] [enH]3[Cu7Sn4S12], 
[enH]6+n[Cu40Sn15S60],[18] [enH2]2[Cu8Sn3S12],[40] [dienH2][Cu2Sn2S6],[5] [DBUH] 
[CuSnS3] (DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene), [1,4-dabH2][Cu2SnS4],[41] 
[H3tren][Cu7Sn4S12].[18] In both tin-sulfide types, Ag and Cu atoms are in the oxidation 
state +I. Cu(II) thiostannates and tin-sulfides have not been observed due to the 
reduction of Cu(II) by S2- anions to Cu(I).  
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Table 1: Thiostannate and tin-sulfide compounds containing transition metal complexes. 
Thiostannates 
Ag+/2+ 
--- 
Co2+ 
[Co(en)3]2[Sn2S6],[42] [Co(dien)2]2[Sn2S6],[43] [Co(dien)2](dienH2)Sn2S6,[44] 
[Co(2amp)3]2[Sn2S6]10H2O, [Co(1,2-dach)3]2[Sn2S6]8H2O[45] 
Cu+/2+ 
--- 
Fe2+ 
--- 
Mn2+ 
[Mn(en)3]2[Sn2S6],[42] [Mn(en)3]2[Sn2S6]2H2O, [Mn(dien)2]2[Sn2S6], 
[Mn(dien)2][MnSnS4][46] 
Ni2+ 
[Ni(en)3]2[Sn2S6],[47,48] [Ni(dien)2]2[Sn2S6],[47] [Ni(1,2-dap)3]2[Sn2S6]·2H2O,[48]  
[Ni(1,2-dach)3]2[Sn2S6]4H2O,[43] [Ni(peha)]2[Sn2S6]H2O,[43] [Ni(tren)(en)]2 
[Sn2S6]2H2O,[49] [Ni(aepa)2]2[Sn2S6],[43] [Ni(tren)(1,2-dap)]2[Sn2S6]4H2O,[49]  
[Ni(tren)(en)]2[Sn2S6]6H2O,[49] [Ni(tren)(2amp)]2[Sn2S6]10H2O,[49]  
[Ni(tren)(1,2-dach)]2[Sn2S6]4H2O,[49] [Ni(tren)(1,2-dach)]2[Sn2S6]3H2O,[49]  
[Ni(2amp)3]2[Sn2S6]9.5H2O,[50] [Ni(tren)(ma)(H2O)]2[Sn2S6]·4H2O,[51]  
[Ni(tren)(1,2-dap)]2[Sn2S6]·2H2O,[51] [Ni(tren)2]2[Sn2S6]8H2O,[52]  
[Ni(tren)(2amp)]2[Sn2S6][52] 
Zn2+ 
[Zn(en)3]2[Sn2S6][42] 
Tin-sulfides  
Ag+/2+ 
--- 
Co2+ 
{[Co(tren)]2[Sn2S6]},[48] {[Co(tepa)]2[Sn2S6]},[53] {[Co(Phen)2]2[Sn2S6]},[54]  
{[Co(Phen)2]2[Sn2S6]}PhenH2O,[54] {[Co(cyclam)]2[Sn2S6]}n2nH2O[55] 
Cu+/2+ 
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--- 
Fe2+ 
{[Fe(tepa)]2[Sn2S6]},[53] {[Fe(Phen)2]2[Sn2S6]},[54] 
{[Fe(Phen)2]2[Sn2S6]}PhenH2O,[54] {[Fe(1,2-dach)2][Sn2S6]}n2n(1,2-dachH)[56]   
Mn2+ 
 {[Mn(tren)]2[Sn2S6]},[29] {[Mn(trien)]2[SnS4]}·4H2O,[57] {[Mn(trien)]2[SnS4]},[43]  
{[Mn(2,2'-bipy)2]2[Sn2S6]},[56] {[Mn(1,2-dach)2][Sn2S6]}n2ndachH,[58] 
{[Mn(1,2-dach)2(H2O)]2[Sn2S6]},[58] {[Mn(Phen)2]2[Sn2S6]},[59]  
{[Mn(Phen)2]2[Sn2S6]}PhenH2O,[59] {[Mn(Phen)2]2[SnS4]2[Mn(Phen)]2} 
H2O,[59] {[Mn(Phen)2]2[Sn2S6]}Phen,[59] {[Mn(phen)]2[SnS4]}nnH2O,[60]  
{[Mn(en)2]2[Sn2S6]},[61] {[Mn(en)2]2(μ-en)(μ-Sn2S6)}∞,[62]  
{[Mn(tepa)]2[Sn2S6]},[63] {[Mn(1,2-dap)2]2[Sn2S6]},[46] 
{[Mn(1,2-dap)2(H2O)]2[Sn2S6]}[64] 
Ni2+ 
{[Ni(tepa)]2[Sn2S6]},[53] {o[Ni(tepa)]2[Sn2S6]},[43]  
{[Ni(phen)2]2[Sn2S6]}2,2’-bipy,[65] {[Ni(Phen)2]2[Sn2S6]}4,4'-
bipy0.5H2O,[65] {[Ni(phen)2]2[Sn2S6]}biph,[56] {[Ni(phen)2]2[Sn2S6]}phenH2O,[56]  
{[Ni(cyclam)]2[Sn2S6]}n2nH2O,[56] {[Ni(tren)]2[Sn2S6]}[48] 
Zn2+ 
{[Zn(tren)]2[Sn2S6]}[44] 
ma: methylamine, 2,2’-bipy: 2,2’-bipyridine , 4,4'-bipy: 4,4’-bipyridine, biph: biphenyl, phen: 
1,10- phenanthroline. 
 
1.4 Oxo-Thiostannates  
In oxo-thiostannate compounds the anions [SnxSyOz]n- are observed, in which the SnSx 
polyhedra are connected via O2- anions. For example, the anion [Sn10S20O4]8- is 
composed of ten corner linked SnS4 tetrahedra forming the T3-type supertetrahedron 
[Sn10S20]. The O2- anions are positioned between the SnS4 tetrahedra and exhibit a 
tetrahedral coordination of Sn atoms.[11,66–68] The Sn4O tetrahedra are connected via 
corners forming an anti-T2 cluster.[69] Isolated anionic clusters [Sn10S20O4]8- with 
inorganic cations compensating the negative charge are observed in 
[Li8(H2O)29][Sn10S20O4]∙2H2O[66] and [Cs8(H2O)13][Sn10S20O4].[67] Only in the compound 
{[Ni(1,2-dach)2(ma)]4[Sn10S20O4]}, the [Sn10S20O4]8- cluster is covalently bound via S 
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atoms to Ni2+ cations.[69] In addition to this cluster, there are further oxo-clusters, in 
which Cl- anions or sulfur containing organic molecules are integrated in the cluster 
like in [Sn10S16O4Cl4]4-,[70] [Sn8S12O4(SPh)6]6- (Ph = phenyl)[71] and 
[Sn8S12O2(OH)2Cl6]4-[70] (Figure 2).  
 
Figure 2: View of the clusters [Sn10S20O4]8- (top left), [Sn8S12O4(SPh)6]6- (top right), 
[Sn8S12O2(OH)2Cl6]4- (bottom left) and [Sn10S16O4Cl4]10- (bottom right). The teal colored 
polyhedra highlighting the octahedrally coordinated Sn, the blue polyhedra highlight the 
trigonal bipyramidal coordinated Sn.   
 
1.5 Aims of this work  
1.5.1 Utilization of building units  
Many thiostannate and tin-sulfide compounds were synthesized applying the elements 
Sn, S and transition metals or transition metal salts under solvothermal conditions.[72] 
Using the elements Sn and S as starting materials basic conditions are required to 
form polysulfide anions which are able to react with Sn yielding thiostannate anions.[31] 
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The needed basic conditions are achieved using amine molecules in water as solvents, 
which can also act as structure directing agents and charge compensating cations. 
Moreover, SnS2[23,73,74] and salts like SnCl4∙5H2O[42,47,62,75] or SnCl2∙2H2O[53,76] were 
utilized as Sn sources. To minimize the reaction parameters of solvothermal reactions, 
building units were applied. For example, the compound {[Ni(tren)]2[Sn2S6]}n was 
applied as precursor leading to the formation of new thiostannate compounds at room 
temperature.[51,52] The drawback of this precursor is the restricted product diversity. 
Applying Na4SnS4∙14H2O as precursor thiostannate and tin-sulfide compounds could 
be obtained under solvothermal conditions as well as at room temperature.[49,50,56] The 
use of such building units can simplify the planning of the reactions leading to the 
generation of thiostannates and/or tin-sulfide compounds, if these building units are 
stable in the used solvents.  
 
1.5.2 Utilization of macrocyclic amines   
In this work, transition metal complexes including macrocyclic amine ligands like cyclen 
(cyclen = 1,4,7,10-tetraazacyclododecane), cyclam, 1,8-Dimethyl- (L1) and 1,8-Diethyl-
1,3,6,8,10,13-hexaazacyclotetradecane (L2) were applied as charge balancing agents 
(Figure 3). The advantage of macrocyclic ligands is that they form stable complexes 
and provide two free coordination sites on transition metal cations and if these cations 
favor an octahedral environment, the coordination of S2- anions of the [SnxSy]n- and 
[SnxSyOz]n- moieties to transition metal cations is achievable. In fact, in the compounds 
{[M(cyclam)]2[Sn2S6]}n2nH2O (M = Co and Ni), the  [M(cyclam)]2+ cations are 
covalently bonded to the [Sn2S6]4- anions according to connection mode c) (see 
chapter 1.3 Tin-Sulfides) generating layers.[55,56] The N4Cu/Ni moieties in 
[Cu(cyclam)]2+, [Ni(L1)]2+ and [Ni(L2)]2+ complex cations are coplanar, whereas the 
coplanarity of N4Ni units in [Ni(cyclen)]2+ is not achieved. Cyclen is the smallest ligand 
of the macrocyclic amine molecules. This could be the reason why the coplanarity of 
the N4Ni units in compounds containing cyclen ligands decrease and thus the cis-
stereochemistry is preferred, which is indeed observed in the complex 
[Ni(cyclen)(H2O)2](ClO4)22H2O[77].   
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Figure 3: Molecular structures of [Ni(cyclen)]2+ (top left), [Ni(L1)]2+ (top right), [Cu(cyclam)]2+ 
(bottom left) and [Ni(L1)]2+ complex cations (bottom right). H atoms are omitted for clarity. Blue: 
N atoms, black: C, cyan: Ni and violet: Cu.  
 
1.5.3 Alternative synthetic approach: Room temperature synthesis  
Pure inorganic thiostannate and tin-sulfide frameworks were generally prepared 
applying either the high-temperature synthesis or polysulfide flux approach.[14,24,78–81] 
In contrast to the high-temperature synthesis (T > 600 C) that leads to the preparation 
of mainly thermodynamically stable products,[82,83] the polychalcogenide fluxes (200-
600 C) and solvothermal approaches (T < 400 C) allow the generation of kinetically 
stable structures.[82,84] The incorporation of protonated amine molecules in the 
structure of thiostannate and tin-sulfide compounds is achieved only under 
solvothermal conditions.[72] However, the solvothermal synthesis is a complex reaction 
system and product formation depends on many parameters like temperature, 
pressure, pH-Wert, concentration of the educts, nature of the solvents etc.[84] All these 
parameters made a product prediction impossible. In the past, room temperature 
syntheses were performed yielding new thiostannate compounds like 
[dda]4[Sn2S6]·2H2O (dda = dodecylamine),[34] [(CH3)2NH2(NH4)][SnS3],                   
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[CH3C(NH2)2]8[Sn2S6SnS4] and [NH4]6[Sn3S9]∙1.3H2O.[85] However, the formation of 
these compounds required few months. In another synthetic approach, the reaction of 
Na4SnS4∙14H2O with [Ni(amine)3]2+ complexes (amine = 2-(aminomethyl)pyridine, 1,2-
diaminocyclohexane, 1,2-diaminopropane, ethylenediamine) in tren amine aqueous 
solution led to the generation of new thiostannate compounds in a short reaction time 
(1-7 days).[49]  
 
The aims of this work were the development of new synthetic routes, the synthesis and 
characterization of new oxo-thiostannate compounds, the application of macrocyclic 
ligands to form new thiostannate and tin-sulfide compounds and investigation of their 
properties.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Experimental Section 
12 
 
2. Experimental Section  
2.1 Chemicals   
All chemicals used in this doctoral thesis are listed in Table 2.  
Table 2: Overview of the used chemicals. 
Chemicals Purity  Manufacturer  
Acetone (C3H6O) >99.8 % Fisher Chemical 
Acetonitrile (C2H3N) >99.5 % Fischer Chemical 
Copper(II) perchlorate hexahydrate 
(Cu(ClO4)2∙6H2O) 
98 % abcr 
Cyclen (C8H20N4) >98 % Strem Chemicals, Inc. 
Cyclam (C10H24N4) >98 % Alfa Aesar 
Dimethyl sulfoxide (C2H6OS) 99 % Grüssing  
Ethanol (C2H5OH) 99 % Walter-CMP 
Ethylamine (C2H5NH2) 70 % aq. solution Merck 
Ethylenediamine (C2H8N2) 99 % Grüssing  
Formaldehyde (CH2O) 37 % in MeOH Grüssing  
Glycerine (C3H8O3) 99 % Grüssing  
Sodium sulfide nonahydrate 
(Na2S∙9H2O) 
>98 % Acros Organics  
Nickel(II) chloride hexahydrate 
(NiCl2∙6H2O) 
>97 % Merck 
Nickel(II) perchlorate hexahydrate 
(Ni(ClO4)2∙6H2O) 
99 % abcr 
Methanol (CH3OH) 99 % Walter-CMP 
Methylamine (CH3NH2) 40 % aq. solution abcr 
Tin(IV) chloride pentahydrate 
(SnCl4∙5H2O) 
>98 % Acros Organics 
Tris(2,2‘-bipyridine)ruthenium(II) 
hexafluorophosphate 
([Ru(bpy)3](PF6)2) 
97 % Aldrich  
Triethylamine ((C2H5)3N) 99 % Grüssing  
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2.2 Characterization Methods  
In order to investigate the educts and products diverse standard characterization 
methods were applied like: X-ray powder diffraction (XRPD), single crystal analysis, 
scanning electron microscope equipped with energy-dispersive X-ray spectroscopy 
(SEM/EDX), elemental analysis (EA), IR-, UV/Vis-, Raman-, Electron Paramagnetic 
Resonance (EPR)- and 119Sn-NMR spectroscopy, differential thermoanalysis and 
thermogravimetry (DTA-TG), H2O- and N2 sorption and in-situ investigation. All applied 
methods are summarized in Table 3.   
Table 3: Overview of the characterization methods utilized in this work.  
Methods Equipment Description 
XRPD Stoe Stadi-P Transmission geometry,  
Cu-Kα1 (λ=1.5406 Å) Ge-
monochromator Mythen  
1K-Detector 
single crystal 
analysis 
Stoe IPDS-2 Mo-Kα radiation  
(λ = 0.71073 Å) Graphite 
monochromator 
SEM/EDX Philips ESEM XL30  Scanning electron microscope 
with XL-30 EDX detector  
EA Elemental Analyzer EURO 
EA, EURO VECTOR  
Burning in O2 at 1000 °C, 
Detection by GC with a thermal 
conductivity detector  
IR Bruker Vertex70 FT-IR 
spectrometer  
Range: 80-6000 cm-1 
UV/Vis 1. Cary 5 UV/Vis/NIR two 
channel spectrometer, Varian 
Techtron Pty. Darmstadt 
2. Agilent 8453 spectrometer 
1. Reference: BaSO4 
250-2000 nm 
2. 190-1100 nm, Deviation: ± 
0.5 nm, Wavelength 
reproducibility: ± 0.02 nm  
Raman Bruker RAM II FT-Raman 
spectrometer 
equipped with a N2 cooled, 
highly sensitive Ge detector 
Radiation: 1064 nm 
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Resolution: 3 cm-1 
EPR Bruker EMXplus 
spectrometer  
cooled with N2 and equipped 
with a PremiumX microwave 
bridge and a Bruker dual mode 
X-band cavity 
119Sn-NMR Bruker Avance3 400 HD 
spectrometer 
in D2O at 149 MHz, pulse width: 
11 µs at 30.974 W, relaxation 
delay: 1 s, number of scans: 
256, Tmax = 80 ºC 
DTA-TG Linseis STA PT1600 Heating rate: 0.1, 1, 4 and 16 
K/min, N2-flow  
H2O sorption Belsorpmax, BEL JAPAN INC. T = 303 K 
N2 sorption Belsorpmax, BEL JAPAN INC. T = 77 K 
In-situ 
investigation 
EasyMax reactor system 
(Mettler Toledo GmbH, 
Giessen, Germany), 
equipped with a pH and 
redox electrode 
stirring = 300 rpm,  
T = 90 ºC (5 K/min),  
pH electrode: InLab Semi-Micro, 
Mettler Toledo; sensor type, 
combined pH 
electrode; reference system, 
Argenthal (0−100 °C)  
redox electrode: InLab Redox 
Micro (Mettler Toledo); sensor 
type, combined ORP electrode 
with platinum ring; reference 
system, Argenthal (ceramic 
diaphragm, 3 M KCl as the 
reference electrolyte (0−100 °C) 
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2.3 Programs    
All programs utilized in this work are listed in Table 4.  
Table 4: Overview of the utilized programs. 
Programs Description 
SHELXS-97[86] Solution of crystal structures 
SHELXL-2014[87] Refinement of crystal structures  
STOE WinXPow[88] 
Calculation of X-ray powder diffractograms from 
data of single crystal analysis, visualization of 
powder diffractograms and software for data 
collection  
Diamond 3.2k[89]  Visualization of crystal structures  
Olex2 [90] 
Calculation of the solvent accessible space in a 
crystal structure  
TOPAS Academics[91] 
Indexing of X-ray powder diffractograms, solving of 
crystal structures and refinements by Rietveld 
method 
EXPO2009[92] 
Determination of the positions of atoms using direct 
methods  
Materials Studio[93]  
Molecular modeling and optimization by calculation 
of force-field 
Platon[94] 
Calculation of the solvent accessible space in 
structures containing voids  
PIEFACE[95] 
Software to analyze the distortion of polyhedra and 
to calculate the MBE (minimum bounding ellipsoid)  
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2.4 Synthetic approaches  
2.4.1 Solvothermal synthesis   
Some of the compounds presented in this work were synthesized under hydrothermal 
conditions. The thiostannate salt Na4SnS414H2O and the transition metal (TM) 
complexes were transferred in a DURAN© culture tube (V = 11 mL, Tmax = 180 ºC) 
including PBT (Polybutylene terephthalate) screw cap and PTFE 
(Polytetrafluoroethylene) gasket. Water was added and the reaction mixture was 
shaken for 1 min and heated up to 120 ºC either under static (≤ 7 d) or under dynamic 
(under stirring,  2 h) conditions. The reaction products were filtered off, washed with 
small amounts of water and dried in air.  
 
The advantage of dynamic syntheses is that they allow a visual monitoring of the 
reaction. Furthermore, owing to the continuous stirring of the reaction medium an 
homogeneous mixture is obtained enabling a rapid reaction of the reactants leading to 
an increase of the yield and reduction of the reaction time. Under dynamic conditions 
crystalline precipitate is often obtained. Crystals suitable for single crystal structure 
analysis were formed under static conditions.     
 
2.4.2 Room temperature synthesis  
Room temperature reactions were carried out in snap cap bottles (V = 5 mL). The 
thiostannate salt Na4SnS414H2O was dissolved in water and added to an aqueous 
solution of TMn+ complex. The reaction mixture was stirred for  20 min. and kept at 
room temperature until crystalline precipitate was generated. Since several TMn+ 
complexes are poorly soluble in water and display a good solubility in organic solvents, 
syntheses were performed by dissolving Na4SnS414H2O in water and dissolving the 
TMn+ complexes either in acetonitrile (CH3CN) or in dimethylsulfoxide (DMSO). Using 
DMSO as solvent, the organic phase was overlayed with the aqueous solution. 
However, if CH3CN is utilized as solvent, the aqueous phase was overlayed with the 
organic phase. The reaction products were filtered, washed with water and ethanol and 
dried in air. Na4SnS414H2O and TMn+ complexes were synthesized according to 
literature procedures.[77,96–99]           
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3. Publications   
3.1 “New Transition Metal Oxo-Thiostannate: Synthesis, 
Characterization, and Investigation of its Photocatalytic Properties”  
 
The reaction of Na4SnS414H2O with the complex [Ni(cyclen)](ClO4)2 under 
hydrothermal conditions led to crystallization of a new transition metal oxo-thiostannate 
compound with the formula {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O. The crystal 
structure of this compound is composed of the cation {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2+ 
and perchlorate anions. In addition, a complex hydrogen-bonding network is observed, 
which stabilizes the structure. The cation {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2+ contains the 
rare anion [Sn6S12O2(OH)6]10-, which is constructed by two SnS2O(OH)3, two SnS4O2 
octahedra and two SnS4 tetrahedra. Six Ni2+ complexes are covalently bonded to the 
anion via Ni-S and Ni-OH bridges. Heating 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O to 150 ºC and treating the residue with 
small amounts of H2O led to the recrystallization of 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}2(ClO4)19H2O and to the generation of an unidentified 
crystalline phase. Moreover, the compound reveals good photocatalytic activity for H2 
production. The H2 generation reached 26.6 mmolg-1 after 3 h irradiation time. During 
the photocatalytic reactions nanoparticles were formed. Since the photocatalytic 
reaction is a complex system, it is not clear whether the compound or the nanoparticles 
are the active species.   
 
 
Reprinted with permission from A. Benkada, M. Poschmann, C. Näther, W. Bensch, 
New Transition Metal Oxo-Thiostannate: Synthesis, Characterization, and 
Investigation of its Photocatalytic Properties, Z. Anorg. Allg. Chem., 2019, 645, 433-
439. DOI: 10.1002/zaac.201800475. Copyright 2019 John Wiley & Sons. 
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3.2 “Synthesis and Characterization of a Rare Transition-Metal 
Oxothiostannate and Investigation of its Photocatalytic Properties” 
 
The hydrothermal reaction of Na4SnS4·14H2O with the complex 
[Ni(cyclen)(H2O)2](ClO4)2·H2O led to the generation of the new oxo-thiostannate 
compound [Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O. Its structure consists of isolated 
cations [Ni(cyclen)(H2O)2]2+ and cluster anions [Sn10S20O4]8-, which include ten [SnS4]4- 
tetrahedra connected via corners. The O2- anions are placed between these tetrahedra 
and exhibit a tetrahedral environment of Sn atoms. 119Sn NMR investigations of an 
aqueous solution of Na4SnS4·14H2O revealed only the presence of the anions [SnS4]4- 
and [Sn2S6]4- up to 120 C and the presence of the complex 
[Ni(cyclen)(H2O)2](ClO4)2·H2O is required for the formation of the anion [Sn10S20O4]8-. 
Thermal investigations of the compound demonstrate that the water molecules located 
in tunnels directed along [001] can be reversibly removed. The crystallinity remains 
unchanged. Furthermore, [Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O exhibits a high 
activity for hydrogen formation and reached 18.7 mmol.g-1 after 3 h.    
 
 
 
 
 
Reprinted with permission from A. Benkada, H. Reinsch, M. Poschmann, J. Krahmer, 
N. Pienack, and W. Bensch, Synthesis and Characterization of a Rare Transition-Metal 
Oxothiostannate and Investigation of Its Photocatalytic Properties, Inorg. Chem., 2019, 
58, 2354-2362. DOI: 10.1021/acs.inorgchem.8b02773. Copyright 2019 American 
Chemical Society. 
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3.3 “The First Thiostannate Compound with Copper(II) Synthesized 
Under Ambient Conditions: Crystal Structure, Electronic and 
Thermal Properties” VIP Paper 
 
The first Cu(II) thiostannate compound, {[Cu(cyclam)]2[Sn2S6]}n2nH2O, was obtained 
at room temperature by reacting Na4SnS414H2O with [Cu(cyclam)](ClO4)2 in aqueous 
solution. The compound was formed in good yield after only 2 h reaction time. The 
crystal structure is composed of the [Sn2S6]4- anions and the [Cu(cyclam)]2+ cations, 
which are connected via Cu-S bonds forming layers along the a-axis. Between these 
layers water molecules are located. The Cu2+ cations have a distorted octahedral 
coordination sphere formed by four N atoms of the cyclam ligand and two S2- anions 
of the [Sn2S6]4- anion. According to EPR spectroscopy the unpaired electron is in the 
dx2-y2 orbital demonstrating that the CuN4S2 octahedron is distorted along the z-axis. In 
the UV/Vis spectrum only one d-d transition is observed, which is the overlap of the 
three possible transitions: 2B1g → 2A1g, 2B1g → 2B2g and 2B1g → 2Eg. Heating 
{[Cu(cyclam)]2[Sn2S6]}n2nH2O to 165 ºC and storing the residue in air led to recovery 
of the pristine material indicating that the water molecules can be reversibly removed.   
 
 
 
 
Reprinted with permission from A. Benkada, H. Reinsch, W. Bensch, The First 
Thiostannate Compound with Copper(II) Synthesized Under Ambient Conditions: 
Crystal Structure, Electronic and Thermal Properties,  Eur. J. Inorg. Chem., 2019, 
4427-44432. DOI: 10.1002/ejic.201900924. Copyright 2019 John Wiley & Sons. 
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3.4 “Room temperature synthesis of new thiostannates by slow 
interdiffusion of different solvents”   
 
The preparation of the new compounds [Ni(L1)][Ni(L1)Sn2S6]n2H2O (I) and 
[Ni(L2)]2[Sn2S6]4H2O (II) was achieved using a new synthetic approach at room 
temperature. In this approach, an aqueous solution of Na4SnS414H2O was overlayed 
with a solution of the complex [Ni(L1)](ClO4)2 dissolved in CH3CN or a solution of the 
complex [Ni(L2)](ClO4)2 dissolved in DMSO was overlayed with an aqueous solution of 
Na4SnS414H2O (L1 = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane and L2 = 
1,8-diethyl-1,3,6,8,10,13-hexaazacyclotetradecane). Both compounds crystallized in 
the interface region of the solvents. The structure of compound I consists of [Ni(L1)]2+ 
centered complexes and [Sn2S6]4- anions, whereby the Ni2+ cations exhibit different 
coordination geometries. One Ni2+ cation features octahedral environment of four N 
atoms of the L1 ligand and two S atoms of the [Sn2S6]4- anion leading to the formation 
of chains along the a-axis. The second Ni2+ cation is in a square-planar environment 
und is located between the chains. Compound II composes of isolated [Ni(L2)]2+ cations 
and [Sn2S6]4- anions. The Ni2+ cations are in a square-planar coordination environment 
of four N atoms of the L2 ligand. The calculation of volumes and spaces of both 
complexes indicates the differences of the space requirements of the ligands. This may 
be the reason why the crystal structures of I and II are different. Both structures were 
stabilized by intermolecular S···H, N···H, O···H and H···H interactions. The importance 
of these interactions was confirmed by Hirshfeld surface analysis.       
 
 
Reprinted with permission from A. Benkada, C. Näther, W. Bensch, Room 
Temperature Synthesis of New Thiostannates by Slow Interdiffusion of Different 
Solvents, Z. Anorg. Allg. Chem., 2020. Accepted 15.06.2020. DOI: 
10.1002/zaac.202000199. Copyright 2020 John Wiley & Sons. 
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3.5 “Transformation of Na4SnS414H2O into Na4Sn2S65H2O at room 
temperature in the solid state: Synthesis and Crystal Structure of the 
new compound Na4Sn2S65H2O”  
 
 
The thiostannate salt Na4SnS414H2O was synthesized at room temperature by a new 
simple synthetic approach using Na2S∙9H2O and SnCl4∙5H2O as reactants and H2O as 
solvent. Storing Na4SnS414H2O in air for 1 d led to the formation of the new compound 
Na4Sn2S6∙5H2O, whereby Na4SnS414H2O represents the major phase. The new 
compound Na4Sn2S6∙5H2O could be obtained by heating Na4SnS414H2O in MeOH at 
90 °C for 30 min. Na4Sn2S6∙5H2O reveals a 3D network structure, in which the Na+ 
cations have octahedral as well as trigonal-bipyramidal environments of O atoms and 
S2- anions. Heat treatment of Na4SnS414H2O led to generation of a kinetically 
stabilized phase of Na4SnS4, when fast heating rates like 4 and 16 Kmin-1 were used. 
A mixture of Na4SnS4 and the kinetically stabilized phase was observed with slower 
heating rate of 1 Kmin-1. Storing the anhydrate of Na4SnS414H2O in air for 1 d led to 
the formation of Na4SnS414H2O and Na4Sn2S6∙5H2O. However, Na4SnS414H2O is 
the dominant phase. In contrast to Na4SnS414H2O, water uptake of the anhydrate of 
Na4Sn2S6∙5H2O resulted in the generation of the pristine material.          
 
 
 
 
A. Benkada, H. Reinsch, H. Lühmann, W. Bensch, Transformation of Na4SnS414H2O 
into Na4Sn2S65H2O at room temperature in the solid state: Synthesis and Crystal 
Structure of the new compound Na4Sn2S65H2O, Eur. J. Inorg. Chem., 2020. Submitted 
15.07.2020. 
 
 
 
3. Publications 
52 
 
 
3. Publications 
53 
 
3. Publications 
54 
 
 
 
3. Publications 
55 
 
 
3. Publications 
56 
 
 
 
3. Publications 
57 
 
 
 
3. Publications 
58 
 
 
 
3. Publications 
59 
 
 
 
4. Conclusions and Outlook 
60 
 
4. Conclusions and Outlook 
The thiostannate salt Na4SnS4·14H2O was applied as precursor for the formation of 
further Sn-S containing compounds. Investigation of the stability of Na4SnS4·14H2O 
indicated that the transformation of Na4SnS4·14H2O into the new compound 
Na4Sn2S6·5H2O occurs slowly at room temperature and is most probably induced by 
the protonation of the terminal S2- anions forming the [SnS3SH]3- anions, which 
condense to form the dimer [Sn2S6]4- under release of H2S. Na4Sn2S6·5H2O exhibits a 
3D network structure, in which the Na+ cations are octahedrally as well as trigonal 
bipyramidally coordinated by S2- anions of the [Sn2S6]4- unit and the O atoms of H2O 
molecules. The compound Na4Sn2S6·5H2O could be obtained as phase pure product 
by heating Na4SnS4·14H2O in MeOH. Due to the simple synthetic procedure, the good 
yield and the good solubility in H2O Na4Sn2S6·5H2O can be applied as precursor to 
prepare further thiostannates and especially thiostannates containing the [Sn2S6]4- unit.  
 
The reaction of Na4SnS4∙14H2O with [Ni(cyclen)](ClO4)2 or with 
[Ni(cyclen)(H2O)2](ClO4)2∙H2O under hydrothermal conditions led to crystallization of 
two new compounds: {[Ni(cyclen)]6[Sn6S12O2(OH)6]}·2(ClO4)·19H2O and 
[Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O. In the crystal structure of the compound 
{[Ni(cyclen)]6[Sn6S12O2(OH)6]}·2(ClO4)·19H2O, the rare [Sn6S12O2(OH)6]10- cluster 
could be observed. The [Ni(cyclen)]2+ cations are covalently linked to this cluster 
[Sn6S12O2(OH)6]10- forming the isolated cations {[Ni(cyclen)]6[Sn6S12O2(OH)6]}2+. 
[Ni(cyclen)(H2O)2]4[Sn10S20O4]~13H2O is the first Sn(IV) oxo-sulfide compound, in 
which isolated anions and transition metal centered complexes arise. The Ni2+ cations 
are in an octahedral environment of four N atoms of cyclen and two O atoms of H2O 
molecules thus preventing a bond formation between the [Ni(cyclen)(H2O)2]2+ cations 
and the [Sn10S20O4]8- anions.  
 
Further syntheses with other macrocyclic amine molecules like 1,4,7,10-
tetraazacyclododecane (cyclam), 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclo-
tetradecane (L1) and 1,8-diethyl-1,3,6,8,10,13-hexaazacyclotetradecane (L2) under 
hydrothermal conditions were unsuccessful. Therefore, room temperature syntheses 
were performed leading to the formation of three new compounds: 
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{[Cu(cyclam)]2[Sn2S6]}n 2nH2O, [Ni(L1)][Ni(L1)Sn2S6]n∙2H2O and [Ni(L2)]2[Sn2S6]∙4H2O. 
In the compound {[Cu(cyclam)]2[Sn2S6]}n 2nH2O, the [Cu(cyclam)]2+ cations are bound 
to the [Sn2S6]4- anions according to connection mode c) (see chapter 1.3 Tin-Sulfides) 
generating layers, while in compound [Ni(L1)][Ni(L1)Sn2S6]n∙2H2O, the [Ni(L1)]2+ cations 
are linked to the [Sn2S6]4- anions following connection mode a) (see chapter 1.3 Tin-
Sulfides) forming chains. Utilizing the [Ni(L2)]2+ cations for charge compensation only 
isolated cations and anions could be obtained indicating that the ethyl groups linked to 
N atoms of the ligand require more  space as methyl groups in L1 ligands. Hence, a 
bond formation between thiostannate anions and Ni2+ cations can be prevented.  
 
The compound {[Cu(cyclam)]2[Sn2S6]}n2nH2O was obtained at room temperature by 
reacting Na4SnS4∙14H2O with [Cu(cyclam)](ClO4)2 as starting materials in aqueous 
solution. Applying the complex [Cu(cyclam)](ClO4)2, which is very stable (log K = 
27.2[100]), the formation of aqua complexes is impeded. The crystallization of 
{[Cu(cyclam)]2[Sn2S6]}n2nH2O occurs very fast. The compound 
{[Cu(cyclam)]2[Sn2S6]}n2nH2O is the first example with Cu(II) in a S2- environment. 
Since cyclam ligands form very stable complexes with Cu(II) the reduction of Cu(II) to 
Cu(I) is prevented.  
 
The compounds [Ni(L1)][Ni(L1)Sn2S6]n∙2H2O and [Ni(L2)]2[Sn2S6]∙4H2O were 
synthesized through an overlaying process, in which an aqueous solution of 
Na4SnS4∙14H2O and organic solutions of the complexes [Ni(L1)](ClO4)2 and 
[Ni(L2)](ClO4)2 were applied. Due to the poor solubility of both complexes in H2O the 
solubility of the complexes was determined in organic solvents indicating that both 
complexes exhibit a good solubility in dimethylsulfoxid and acetonitrile. This synthetic 
route allowed the crystallization of thiostannate and tin-sulfide compounds in the 
interface region of the solvents, which are inaccessible using only H2O as solvent. 
Moreover, this synthetic procedure can be used to obtain unusual materials, which 
could not be prepared using standard methods.     
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6.1.1 “New Transition Metal Oxo-Thiostannate: Synthesis, Characterization, and 
Investigation of its Photocatalytic Properties” 
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6.1.2 “Synthesis and Characterization of a Rare Transition-Metal 
Oxothiostannate and Investigation of Its Photocatalytic Properties”   
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6.1.3 “The First Thiostannate Compound with Copper(II) Synthesized Under 
Ambient Conditions: Crystal Structure, Electronic and Thermal Properties” 
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